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Abstract

The possibility of knock diagnostics with an iortiea probe technique is demonstrated. lonizatiabprsignals
obtained in autoignition zone and in burned gadiff¢rent amplitude and polarity of bias voltagevéeeen
analysed. Obtained probe current-voltage charatiesishowed that in autoignition area the curtergrobe is
formed by the drift of positive or negative iongpénding on the polarity of bias voltage. It waggasted that
during autoignition the current to probe occursntyadue to chemi-ionisation in the flame and proherent is

controlled by flame ionisation density and driftiofis via flame quenching layer to the probe swf&ased on
this approach, current amplitude in zone of autitigm was predicted and compared with experimerg. fdlnd

that variations of relative current value with a® obtained numerically and experimentally cateelvell. In

zone of burned gas the behaviour of probe curreltaége characteristics indicated the presence edtran

component of probe current. It allowed suggesti@t in burned gas the main source of charged speceld

be thermal ionisation behind the transient shociesaEvaluation of probe current at these conditiaifowed

prediction of relative variation of probe currentiwpressure in burned gas area. Simple analyticalels were
also suggested to predict the amplitude of pregseak in zones of autoignition and in burned gasrdlation

between probe current and pressure signals in zafreagoignition and burned gas is discussed.

Introduction

As a result of the growing need to improve the qanfince and efficiency of spark ignition
(SI) engines, the knock phenomenon is the subjestunly since decades. During knocking
combustion, non-controllable autoignition of fregkmbustible mixture takes place before the
flame front. Knocking combustion regime is extreynehdesirable in Sl engine because it
impairs the combustion efficiency [1]. Moreoverpidhvolumetric energy extraction leads to
the birth of micro-explosions in the end gas andckhwaves propagating through the
combustion chamber [2]. Large mechanical loadstduke local increase in gas pressure and
temperature can cause serious mechanical damaygiok [1].

Although a number of techniques exist for detecaad control of knocking combustion
to avoid this regime, it remains a major challemgengine management system [3]. Because
knocking regime is characterized by the high-freapye high pressure oscillations inside the
cylinder, in-cylinder pressure monitoring of eacylinder using piezoelectric instrument
grade pressure sensor is commonly practiced factdeh of knock. However, this technique
is well adapted to the laboratory conditions. Ifircyer pressure measurement is not typically
available option for production engines due to thigh cost of the sensors and the
requirement that each cylinder has its own sensor.

Pressure oscillations transmitting through the madiody cause vibrations that can be
detected by means of an accelerometer installetthanengine block. In this way several
cylinders can be controlled with only one sensawever, knock induced vibrations must be
distinguished from mechanically induced structuilerations which can occur even during
normal combustion. A careful selection of the magpropriate sensor location and signal
processing technique is therefore required.

A heat release analysis method was also proposddéxk detection [4, 5]. The intense
local heat release due to end-gas autoignitionchvizauses a substantial shift from the
normal combustion heat release profile, has also legtensively investigated in order to find



possible knock indicators. However, the computaia@omplexity required to determine the
rate of heat release is not compatible with reaktiknock detection: therefore simplified
techniques have also been proposed in [4], whitdwathe detection of anomalous heat
release rates by means of easier pressure denvagthods.

It is worth noting that the majority of used knogd&tection methods generally based on
the pressure and vibration measurements, or tlaiations [3]. Therefore these methods
can’'t be widely used due to high cost of the sensor

Alternative methods have therefore been investijasech as techniques based on gas
lonisation analysis: the spark plug can be usedrasonization probe, by measuring the
corresponding current, in order to detect abnomoaibustion phenomena through the sharp
increase in ionization [6]. Conventional spark plag ionization sensor mounted in the
cylinder wall was used in this work. It was mengdnthat, looking at the ion current
waveform, it was difficult to detect knocking higlequency directly from observed
waveforms. But knocking can be easily observeditpyad passing through a band-pass filter
of a frequency corresponding to the knocking pressgcillations. Some difficulties related
to the determination of knock intensity from the pdibnde of ionization current ware
mentioned. In [7] the analysis of correlation ofimation signal in reference to the cylinder
pressure signal was carried out. The ion and pressignals were characterized and
compared through the use of frequency analysiseladion, and coherence. The results of [7]
showed that the correlation and coherence are bw eesult of both the ion and pressure
signals being point measurements. Neverthelesgglabon of knock levels between the ion
and cylinder pressure was found through the stalsinalysis.

From results of [6, 7] one can conclude that kndekection by ionization sensor is
ambiguous and additional study is needed for chewniaation of knocking from ionization
probe current signal. In particular, one has toetako account the relative position of
ionization and probe sensors. From our point ofvyithe correlation between both signals
must be analyzed at the same conditions in viciaftyprobes. It is important because the
waveform and amplitude of pressure and ionizatiomment signals can be different when
probe is located in zone of autoignition or in ldrgas. Some distinctive features of probe
current formation also can be taken into accounl(B These problems forestall using
ionization probe technique for knocking detection are the subject of study in this work.

Experimental set-up

Experiments were carried out with steel static wedtheated combustion chamber 172x40x40
mm® (Fig.1). A number of cylindrical heaters of tower 120W, mounted in the lateral
chamber walls, allowed chamber heating up to 200He. temperature of chamber walls was
controlled with thermocouples mounted in chambédiswvat the wall temperature 140°C the
non-uniformity temperature field on the internallivgarface of combustion chamber was not
exceed 4-5°C. The measurements of gas temperagtréowtion in the combustion vessel
showed the uniformity of temperature field, standderivation of gas temperature was about
4%.

Combustion chamber had the possibility to mounsguee gauges or electrical probes in
the chamber walls. The positions of gauges allovasueements at different combustion
chamber cross-sections: 40mm and 85mm from the lobiatop as well at the chamber
bottom. Thanks to such positions of probes simelas measurements of pressure and gas
electrical properties were realised the in zoneawtoignition and in burned gas. Kistler
pressure gauges of 601H type were used for the ureasnt of pressure time evolution
during combustion. Conventional spark plugs witle axternal and one central electrode
were used as electrical probes. Central electrédgpark plug had 2.5mm in diameter and
1.5mm in height. The gap between electrodes was.13park plug which was similar to one



for current measurements was used to ignite conttbeishixture at the chamber top, at the
distance of 5mm from the upper wall. lonizationreuat to the probe was measured by
resistance of 10kOhm inserted in electrical ciradielectrical probe. During each test, bias
voltage,Upias, applied to electrical probe was constant. Expenits were carried out with bias

voltage in the range from -100V to +100V.
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Figure 1. Sketch of combustion chamber.

During the test the quiescent heptane/oxygen storedtric mixture was ignited by
automotive spark plug placed at chamber top. Taintknocking regime, tested mixture was
diluted by Argon in ratio 1:3.45. Mixture makinggaedure was carried out in storage vessel
heated to 80°C to avoid heptane condensation. Befwe test, @16/O,/Ar mixture was
injected to the combustion chamber via pipes hetde80°C. Knock combustion regimes
were studied at an initial pressure 0.4-1MPa. litesks the temperature of chamber walls was
kept at 140°C.

Results and discussion

Similar to detonation studies, the visualizationkabcking combustion was realized with
smoked plates mounted at the side walls of comtrusthamber. The size of plates placed at
the side wall was 70x40nfriTypical images of soot traces are shown in Fiit& traces on
the soot plates were caused by pressure (or walamadients along the plate surface. More
bright parts on the plates correspond to the arbaber gradients.

It is evident that the structure of knocking areaather complex. It creates difficulties for
the detailed analysis of soot trace images. Negkysls, in the images presented in Fig.2 we
should resolve a zone of autoignition “A”. This eors dark because soot layer was not
removed here. It means that in zone “A” the presgar gas velocity) gradient is absent or
directed perpendicular to the plate surface. It maethat autoignition zone is placed in
vicinity of the bottom plate or this zone is lodhtat some distance from the bottom and
expands perpendicular to the bottom surface. Ii2Fige should easily detect the propagation
of shock waves and its interference in burned gasd “B”). The wave structure detected in
zones “C” corresponds to the package of transvevaaks propagating perpendicular to the
longitudinal chamber axis. It is worth noting thatour tests autoignition zone was always



located at the bottom of combustion chamber. Thekhiess of this zone varied from shot to
shot but in all tests was not exceed 3cm.

Figure 2. Soot traces of knocking: A- zone of autoignitidashed line schematically
shows the border of this zone; B — shock wavesti@ces of transversal waves; D — irregular
cell structure. Initial pressure is 0.85 MPa.

Based on the results of soot trace analysis a #iatplmodel of autoignition process
would be proposed. We suggest that spontaneousnetlic autoignition of the end-gaz
occurs at the centre of the chamber, in vicinity tbé bottom. Autoignition produces
numerous compression waves transforming in shockesvgsee central image in Fig.2).
Combustion fronts move with acceleration behindckeaunning down them. This process is
similar to, probably, deflagration-to-detonatiorartsition. Nevertheless, the formation of
stationary detonation wave propagating in freshtunecis not evident due to a small spatial
size of end-gas zone. After the entrance in buigessd area, compression waves associated
with combustion reaction front continue their prgg@on as shock waves. These waves
reflect of the side walls and interact. During @gation along combustion vessel, the
intensity of shock waves decays as waves are damged

In our consideration we suppose that the procespaftaneous autoignition is similar to
constant volume combustion. In this zone a chemization due to combustion would be the
main mechanism of gas ionization. So, the moddlaofie/probe interaction developed in [8]
would be used for the analysis of ionization currenthe probe located in position #4.
Because in burned gas the combustion reactionfsngked, in this zone the ionization probe
signal would be related to the thermal ionizatibgas behind the shock waves.

Typical electrical probe signals obtained in autdign and burned gas areas are shown
in Fig.3. Two couples of oscilloscope traces aesented in this figure. One couple of signals
(Fig.3a) corresponds was recorded by electricabgromcated in position #2 (burned gas
zone). Other couple of ionization probe signalg.h) was obtained with ionization probe
placed in position #4, i.e. in zone of autoignition

In position #2 electrical probe detects first theival of incident flame front (it
corresponds to the first step of relatively low #itnde — see Fig.3a). This changing in
amplitude of current is due to chemi-ionizationwrced in the flame front. Next “plateau” in
recorded trace of probe signal corresponds to lieental ionization of burned gas. The
following peak of very high amplitude is related ttee passing of shock wave increasing
significantly gas ionization density.



In contrast to the burned gas zone, in zone ofigniteon the electrical probe detects
chemi-ionization process occurred in flame (see3big In autoignition zone probe signal is
characterized by higher amplitude than that in edrgas.
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Figure 3. Typical oscilloscope traces of probe currentumied gas (a) and in zone of
autoignition (b). Upper and lower traces corresgoiodpizs = +27V andUpja=-27V,
respectively. Initial pressure is 0.7 MPa.

One of intrinsic questions during ionization profeasurements is the choice of the
polarity and value of probe bias voltage. In Fith®@ oscilloscope traces of electrical probe
signal in burned gas and in autoignition zone ams for different polarity of bias voltage,
Upias The shape of current signal is significantly eliéint when positive or negatiliss is
applied. As it was mentioned in [8, 11] the size #ihheath layer would depend on the type of
charge carriers collected by probe. When probéasged positively it collects electrons and
negative ions. In this case, due to higher eletdramobility, the spatial area affected and,
consequently, analyzed by probe would be larger tmee for negatively charged probe (then
probe current is due to the drift of positive iamdy having much less mobility in contrast to
electrons). At some conditions, when electron camept of current is absent, the amplitude
of probe signal depends on the ionic compositioplaéma. This is why the profiles of probe
current signal during knocking are different at ipes and negative polarity ofJpias
Typically, negativelyiss is preferable to apply to probe: by this way tbeal measurements
of plasma parameters occurs and theoretical appréacthe analysis of ion current is
simpler.

The influence of bias voltage polarity on the preignal is also illustrated in Fig.4 where
typical probe current is compared with the corresjimg pressure signal. Probe current and
pressure time evolutions shown in Fig.4 were olkethim different tests but at the same
position of gauge, i.e. at the bottom of combusttbamber, in autoignition zone. In Fig.4
both signals are given in arbitrary units. Theiahitevel of pressure correspondsRovalue.

It is evident that the frequency of current ostitlas correlate well with pressure ones.



Nevertheless, the amplitude of current oscillatisometimes significantly differs from the
pressure oscillations. In contrast to pressureasigit the beginning the amplitude of current
oscillations decreases more slowly in time for niegdy biased probe (compare the first and
the second peaks in Fig.4a). For posits (Fig.4b) the amplitude of pressure and current
oscillations correlates rather well for exceptiontle first peak corresponding to chemi-
ionization in autoignition zone. For negatiMgi,s this correlation is less evident. Note that in
Fig.4 current and pressure oscillations followirfitgrathe first peak correspond to shock wave
propagation in burned gas. The frequency of thesdlations corresponds to the frequency
of shock wave propagation along the chamber. Negkass, some peaks are “thin” structure
corresponding also to transversal shock wave paipay The correlation between relative
values of pressure and current, especially fortpesprobe bias voltage allows conclusion
that in burned gas the negative current variesctom@ance to electron and negative ion
density variations which are linear function ofgsere (under suggestion that gas temperature
varies insignificantly).
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Figure 4. Comparison of pressure and probe current signalgferent probe bias voltage:
(8) —Upias =-27V; (b) —Upias=+27V. Pressure gauge and ionization probe areglat
chamber bottom in zone of autoignition (position).#ditial pressure is 0.7MPa.
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Figureb5. Current-voltage characteristics of electricalggran burned gas (a) and in zone of
autoignition (b). Solid line is the fitting of expeental data. Initial pressure is 0.7MPa.



To understand better the probe current formatios iiseful to analyze probe current-
voltage characteristics (CVC). In Fig.5 CVC obtaine area of autoignition and in burned
gas are shown. In this and in following figures theerent value corresponds to the amplitude
of the first current peak detected by electricadbg: One sees that for burned gas CVC
changes its slop with changing bki,s polarity. CVC obtained in zone of autoignition is
quasi-symmetrical, i.e. absolute value of currezdkpis only slightly depends on the polarity
of voltage applied to the probe. It is worth notthgt for burned gas CVC (Fig.5a) is similar
to one in plasma containing positive and negaiires iand also electrons. A positive branch
of CVC obtained in burned gas is formed mainly laceon current which dominates over
negative ion current due to higher electron maopi{tompare amplitudes of positive and
negative branches of CVC in Fig.5a). CVC presentedrig.5b is typical for plasma
consisting from positive and negative ions. Duelttse mobility of positive and negative
ions, the slop of positive and negative brancheS\6E is about the same.

The difference in CVC in Fig.5a and Fig.5b would delained by the processes of
electron attachment and detachment in autoignaimh burned gas zones. According to [12],
the attachment and detachment of electrons on milelecQ would be considered as
dominant. Following to [12] and taking into accotim mixture composition used in our tests
the characteristic times of electron attachment dethchment,r,; and rye, respectively,
would be obtained as:

3
T = 8.745EL0‘”T—2 Eex;{@j , (1)
P T
b
T, =4400™" E—ITF E@xp{%goj : (2)

In Eq.(1) and Eq.(2) the pressi?eand the characteristic times of attachment atactenent
processesry: andiye, are given in atmospheres and in seconds, respBctiThe balance of
electrons is given by the concurrence of attachrapdtdetachment process.

T=4500K T=500K

Pressure, MPa

Figure 6. Characteristic times of electron attachment @slaie) and electron detachment
(dashed line) versus pressure.



To estimate effect of high temperature on the sdectattachment/detachment the
calculation of electron life time were carried dat the characteristic gas temperatures in
vicinity of the wall in autoignition and in burnegs regions. In Fig.6 calculated characteristic
times of electron attachment and detachment aengiersus pressure.

According to our model, in zone of autoignition otieal reaction zone interacts with
electrical probe. This interaction is characteribgydthe presence of the layer of relatively
cold unburned gas in vicinity of probe surface.tls layer which is similar to flame
quenching layer [13], the combustion reactions feween. As in [14] we suggest that gas
temperature in vicinity of wall is equal to the gasperature before autoignition, i.e about
500K. Then, as it follows from results presenteéim6, in cold layer in vicinity of probe the
process of electron attachment is dominant. Forc#ypalues of peak pressure 20-30MPa
recorded in autoignition zone, the characteristieetof electron attachment is more than a
few order of magnitude less than the characteristie of electron detachment. It means that
at these conditions in vicinity of probe there @ significant amount of free electrons and
probe current in zone of autoignition is wholly digedrift of ions. This result explains the
behaviour of CVC presented in Fig.5b.

For estimation of the time of electron attachmestddhment in burned gas zone we
should suggest that gas temperature in vicinifgrobe is equal to one behind the shock wave
passing the cross-section of probe location. Evialns based on the known intensity of
shock wave give the value of about 4500K. Resutesgnted in Fig.6 show that at this
temperature the electron attachment occurs slowaer électron detachment. Thus there is a
probability for free electrons to be presentedumnied gas. This conclusion is proved by the
shape of CVC depicted in Fig.5a.
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Figure 7. Normalized amplitude of peak current versusahjpressure in zone of autoignition
(a) and in burned gas (b). In both cases biasg®l®-27V.

In Fig.7 pressure evolution of probe current igespnted for different probe locations in
combustion chamber. Pressure evolution of curresrevobtained folJpias= -27V. Results
presented in Fig.7a show that in zone of autoignithe peak current only slightly increases
with the rise of an initial pressure. For companisthe amplitude of probe current peak in
combustion regime without knocking is also shownthrs figure. Note that in knocking
regime the probe current increases about 4 timédively to one in non-knocking



combustion, at the pressure and temperature ireredsabout 7-8and 1.4-1.6 times,
respectively.
In zone of autoignition the peak of ion current \eble evaluated according to

| =n &0y [E[S, (3)

wheren;, e, 14, E andS are the ion density, the elementary charge, thkilityoof ions, the
intensity of electrical field and probe surfacespectively. Let us analyse each parameter in
Eq.(3).

At the thermal flame quenching, the probe currerformed by drift of charged species
through the quenching layer of thicknegsunder the difference of potential between flame
and probe electrodé)yiss [8, 9]. In that case, the mean strength of elestriield E in this
zone would be obtained as

E=U bias/a—q ' (4)

Quenching of transient laminar flame on a singldl i8acharacterised by Peclet number,
Pe, which is typically equalled to 3.5 for the casehafad-on quenching [14 - 16]. So, the
quenching distance would be evaluated taking inbmant the flame thickness,:

p)
3, =Peld =350—>— . (5)

pLy &,

In Eq.(6)S, is the laminar flame speed.,is the thermal conductivityy is the gas density and
Cp, is the thermal capacitance at constant pressom@dlcing the pressure dependence of

laminar flame spee®, =S, [(P™*** proposed in [17] Eq.(5) would be rewritten as

(T A
5 =350 , (6)
q M SO EPO.875 m:p

where & is the constant an® and M are the gas constant and the molecular weight,
respectively. According to [18], ion mobility is #ollowing function of pressure and
temperature:

2
M=§99G5[E1Dmk[rdw} . @)
8 g P |2 m [m,

Hereois ion collision cross-sectiok,is the Boltzmann constamty is the mass of ion andy

is the mass of neutral speci®sandT are the pressure and temperature, respectively.
Numerical modelling of flame ion composition showtkdt in stoichiometric heptane/air

and methanef/air flames the main positive ion4®Hand that concentration of this ion varies

with pressure agi~P%%*[10]. Thus, substituting the expressions fary; and E=f(&) in

Eq.(3) the pressure dependence of probe currentitoigaition zone would be obtained in

following form:
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In Eq.(8)P is the peak pressure aids the gas temperatures in quenching layer estnas
a mean value between the wall and the flame terhpesa[14].

Equation (8) was used to predict the pressure dualatf peak probe current in zone of
autoignition. Comparison of numerical and experitabresults is presented in Fig.7a. One
sees that analytical estimation based on Eq.(8)igisexdhther well the peak current evolution
versus an initial pressure. It proves our suggestiat in zone of autoignition the probe
current is controlled by the processes in unburgaed layer, similar to ones at flame
guenching phenomenon. It is worth noting, howetteaif prediction of exact value of peak
probe current with Eq.(8) is rather difficult duerather rough approach given by Eq.(4) as
well as the lack of information on the flame ionngmosition at high pressures and
temperatures.

In Fig.7bnormalized values of peak current measured in lsugas zone, position #2 are
depicted versus initial pressure. In this figurastied line is the fitting of experimental data.
One sees that in burned gas area the pressuretiemobf peak current is significantly
different of one obtained in autoignition zone (foomparison see Fig.7a): one notes
dramatically increasing of peak current at an ahigressure higher 0.7MPa. Comparing the
amplitude of peak current in positions #1 and #2efach test we found that peak current in
position #1 is always smaller than one in positi@n It would be explained by attenuation of
shock wave propagating along the combustion chambey consequently, by decreasing of
thermal ionization of burned gas behind the shock.

Thermal ionization in neutral gas plasma is desdriipewell known Saha equation:

2 %
I 2[@—2’7%2[”(5) G‘J—‘*@x;{—i) )
N, h g, kT

Heren, is the gas density equalleg=P/KT, g. andg, are the statistical weights for electrons
and neutralsk;, k and h are the ionization energy, the Boltzmann and Racanstants,
respectively. By substitution in Eq.(3) the ion dgngrom Eq.(9), the relative variation of
probe current with initial pressure would be:

|(2) _ P(l) % -I-(2) %. 1 1
| @ _(p(z) TO [ex _O'5E[€W_ﬁj : (10)

In EQ.(10) indexes1) and @) indicate different experimental conditions behtheé shock
waves. To compare with experiment our analyticadijoteon of pressure variation of ion
current, gas temperature and pressure in Eqg.(103 inérally evaluated taking into account
experimental values of shock propagation veloaityesponding to different initial pressures.
For evaluation of relative current variations tbaization energ¥ in Eq.(10) was taken as
15.7eV. This value corresponds to ionization enarfgir which is the main component of
burned mixture.

Comparison of experimental and numerical resultstie probe peak current in burned
gas area (probe position #2) is given in Fig.7kthis figure the results of current evaluation
from Eq.(10) are shown as solid up triangles. Nucagniesults are presented in normalized
form. For the same initial conditions, due to stmeshot variation of shock velocity, each




point of evaluated peak current in Fig.7b (solidvddriangle) represents the average value of
current calculated for 8-12 measurements of shaokaggation velocity. Error bars show
standard deviation of results. Shock wasdocity used for numerical evaluation of current
was obtained from signal’s delay at known distalpegveen gauges #1 and #2is evident
that pressure variations of peak current, numeiacal experimental ones, correlate rather
well in all range of initial pressures. It provas suggestions on the thermal ionization nature
of probe current in burned gas compressed and ch@atigansient shock. It is worth noting
that in the frames of our simplified model the esdion of absolute value of peak current in
zone of burned gas would be difficult due to theiference of numerous shock waves in
zone of probe electrodes having complex geometrig ifikeraction can’t be predicted by 1D
model of phenomenon used in our approach.

Conclusion

The possibility of knock detection with ionisatiorrope technique was tested. For
interpretation of current signal the regime of Kkag combustion was analysed using trace
visualisation and pressure recording in differemmbustion chamber cross-sections. It was
demonstrated that in zone of autoignition combustegime is similar to adiabatic constant
volume combustion (explosive combustion). Local amagbid energy extraction during
autoignition of the end-gas generated shock arefaetion waves propagating and interfering
in zone of burned gas. Shock waves traversing timbastion chamber caused numerous
oscillations of pressure and probe current sighla¢ frequency of these oscillations depends
mainly on the size of combustion chamber.

Electrical probe signals recorded in autoignitiomeand in burned gas at different
values and polarities of bias voltage have analygeitained probe current-voltage
characteristics showed that in autoignition are@acilrrent to probe was formed by the drift of
positive or negative ions, depending on bias veltaglarity. It was suggested that in zone of
autoignition the probe current was formed by chdrggecies produced in chemi-ionisation in
the flame. In this case the probe current woulatdogrolled by drift of ions from the flame
front to the probe surface through the flame quamnclayer. Based on this approach, in zone
of autoignition the pressure evolution of peak jgrarrent was predicted. It was found that
pressure variations of peak current obtained nwakyiand experimentally correlate well.

Comparison the pressure evolutions of peak pressutgieak probe current recorded in
zone of autoignition (position #4) also demonsttageod correlation between both signals. It
allowed conclusion on the characterization of knaotensity from peak current when
electrical probe is located in zone of autoignition

In zone of burned gas the behaviour of probe ctireltage characteristics indicated the
presence of electron component of probe currertldivs suggestion that in burned gas the
main source of charged species is thermal ionisatiehind the transient shock waves.
Evaluation of probe current at these conditionsnalprediction of relative variation of probe
current versus initial pressure.

Comparing the results of pressure and current meemnts in burned gas, any
correlation was found between peaks of pressurepesiok current. It is reasonable because,
unlike the pressure signal, probe current depemd¢he intensity of ionization process in
burned gas which is very sensitive to the gas teatpes. Nevertheless, knocking can be
detected by electrical probe located in burned igasvever, non-linear dependence of current
signal on the knock intensity can create someadtlifies in detection of early knocking.
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